Finely atomized sprays from multi-hole gasoline direct injection (GDI) fuel injectors make them an ideal choice for automobile applications. A knowledge of the factors affecting the performance of these injectors is hence important. In the study presented here, we employ statistical extinction tomography to examine the transient characteristics of two GDI fuel injectors with five and six holes. Two axial locations, 25 mm and 35 mm from the injector exit, are chosen for experimental measurements, and the dependence of injection pressure and ambient temperature on plume locations and angles is examined from these measurements. A pressure chamber with opposing windows is used which permits the nozzle to be rotated 12 times (30 each rotation) to obtain information on the complete spray structure. Additionally, the plume centroid locations are measured and compared with those obtained with a mechanical patternator. The centroid locations from the two instruments compare favorably.
Introduction
In the context of automobile fuel combustion, two combustion strategies have presented themselves so far: (1) port fuel-injection (PFI) 1,2 and (2) gasoline direct-injection (GDI) engines. 3 Between the two, GDI engines have been found to be superior due to the several advantages they offer such as fuel efficiency, high power output, and more control on emissions levels. [4] [5] [6] These features make them a viable alternative to PFI engines. Spray characteristics such tip penetration, spray cone angle, spray width at various axial locations, breakup length, drop sizes, and mixing efficiency are important parameters to gauge and monitor the performance of an engine. [7] [8] [9] Hence, gaining insight on optimum measures of these quantities is important for the efficient functioning of a GDI engine. Ignition timing is one such consideration during this process of optimization. In this regard, an interesting phenomena known as flash boiling 10, 11 is observed during early ignition. This is a result of lower cylinder pressures and higher fuel temperatures. The impact of this on the spray characteristics 12 such as those described above has not been thoroughly understood, which is one of the objectives of this study. Previous works in this area include those by Sarre et al., 13 Brown and York, 14 and Lienhard and Day, 15 who have tried to understand the fundamental mechanisms involved in this process and establish a correlation between fuel flashing with liquid jet breakup. Araneo et al. 16 studied the effect of temperature on GDI swirled injectors using phase Doppler particle analyzer. They concluded that the temperature increase has two macroscopic effects: (1) at the nozzle exit, the liquid flash boiling strongly enlarges the spray angle and (2) raising the fuel temperature up to flash boiling conditions causes a significant decrease of the average droplet size. [17] [18] [19] In addition to the above, the use of multi-hole nozzle has proved to be effective in good spray dispersion, reliable flame propagation, and maintaining the spray shape at high ambient pressures. A multi-hole configuration has been found to offer several advantages such as independence of overall spray angle relative to the axis of the injector to the injection and chamber pressure and increasing the engine lean limit, which make them the preferred choice over conventional swirl pressure atomizers. 20, 21 Based on the interest in characterizing such sprays, the objective of this study was to utilize line-of-sight extinction tomography 22, 23 to investigate the influence ambient pressure and temperature and fuel pressure and temperature on a few spray characteristics, namely surface area densities, plume angles, and plume centroid locations for five-and six-hole (plume) GDI injectors. This should help us understand the performance of multi-hole injectors under various fuel temperatures and pressures better ultimately leading to better mixture preparation and combustion. Additionally, we aim to evaluate the applicability of line-of-sight tomography as a diagnostic tool for charactering dense, high velocity, transient sprays such as those present in GDI injectors. The use of optical patternator to study sprays from GDI injectors is novel, and this investigation aims to shed some light on some aspects of spray characterization.
Experimental details
The injectors used in this investigation were a six-orifice and a five-orifice GDI-style injector. The injector tip was mounted on a large metal cylinder, which was heated using a cartridge heater. The injector tip and the metal base were used to control the fuel temperature. The sprays from these injectors were characterized at six operating conditions. The injection pressures were maintained at 2 MPa, 5 MPa, 10 MPa, and 15 MPa, and the fuel temperature at 20 C and 90 C. Ambient pressures in the investigation were 40 kPa, 60 kPa, and 101 kPa. GDI engines operate from low load at cold start conditions (0.1 bar and ambient temperature) to high load at hot conditions (10 bar and up to 100 C). 24 For GDI injectors, sometimes the injection occurs during the downstroke of the piston resulting in lower than ambient pressures. In addition, GDI injectors have injection pressures ranging from 2 MPa to 20 MPa and with newer designs being operated at even higher injection pressures of 50 MPa. The tests were done to select a range of these operating conditions by varying the temperature from 20 C to 90 C and the injection pressures from 2 MPa to 15 MPa. These are typical of some of the operating conditions found in actual practice and used in the automotive industry to characterize the spray from injectors.
These values are tabulated in terms of matrix in Table 1 .
E-10 was chosen as the test fluid and the injection duration was set at 1.5 ms. Experiments were conducted in a pressure vessel that allowed measurements to be performed above and below atmospheric pressure. Planar line-of-sight extinction data were obtained using a SET scan AP400 optical patternator manufactured by En'Urga Inc. Details regarding this patternator can be found in the study by Parish et al. 23 but have been repeated here for the sake of completeness. This instrument was capable of obtaining time-resolved planar line-of-sight extinction measurements from two planes separated by a fixed distance of 10 mm and consisted of a transmitting and receiving unit. The transmitter emitted two planes of laser light each approximately 100 mm wide and 0.6 mm in thickness. The receiver collected the planar line-of-sight extinction data utilizing two-line detector arrays each having 512 elements.
The transmitter and receiver were positioned on opposite sides of the vessel with the measurement planes located at 25 mm and 30 mm from the injector tip. The mechanical patternator on the other hand is a Delphi Hexcel patternator. It comprises a hexagonal array of tubes. The height of each hexagonal cell is 5.5 mm. The data are from measuring the mass of proportional to each other. The velocity of the drops is probably higher at the center of the plume and lower at the edges of the plume. As the mechanical patternator provides the center of the plume, the velocity of the plume does not affect the centroid location. Therefore, the comparison of optical patternator measurements and mechanical patternator measurements are valid as we are comparing only the center of the plume. The manufacturer states a standard error of AE0.25 mm on Figure 2 . Spray pattern at 1.035 ms after injection for injector 2 (conditions 5 and 1).
the centroid locations. This is based on the fact that the centroid is a weighted averaged of all the cells and the error is calculated repeated measurements using the same injector. A photograph of the experimental arrangement is shown in Figure 1 .
Twelve views in increments of 15 rotation of the injector are taken so that measurements could be deconvoluted to provide full planar surface area densities. Measurements of five injection events were utilized to calculate the average planar line-of-sight extinction at each angular position. The resulting data were then deconvolved using a maximum likelihood deconvolution scheme 25, 26 to finally yield the spray surface area per unit volume.
Data were acquired at the rate of 9.416 kHz with an integration time of approximately 26 ms. The times are referenced from the electronic trigger signal sent to the injector driver and to the data acquisition board simultaneously. 
Experimental results

Results for six-plume injectors
The surface area density contours for the injector 2 (which produces six plumes) obtained at a constant ambient chamber pressure of 101 kPa and fuel temperature of 20 C, 1.035 ms after injection, are shown in Figure 2 (conditions 5 and 1). The injection pressures were 15 MPa and 10 MPa. One should bear in mind that the drop surface area density is defined as the product of spray drop surface area and the number of drops per unit volume.
The six individual plumes are visible in the pattern. The color bar shown along with the plot represents the local value of the total surface area density in units of per millimeter. Blue color represents very low values for the local total surface area density and red represents high values. The average of the peak surface area densities as well as the total surface area for the six plumes at 10 MPa are approximately 61% lower than that for 15 MPa. It should be noted that unlike mechanical patternators, the fine drops that are present in the edges of the plume are also captured by the optical patternator.
The surface area density contours for injector 2 obtained at a chamber pressure of 60 kPa, 1.035 ms after injection, are shown in Figure 3 (conditions 3 and 4). These conditions corresponded to a constant fuel temperature and ambient pressure like Figure 1 . The average of the peak surface area densities as well as the total surface area for the six plumes at 5 MPa are approximately 40% lower than that for 10 MPa.
The above observations reveal that the surface area density scales directly with the injection pressure for a given ambient pressure and fuel temperature. This is reasonable as the drop surface area is expected to be less at higher pressures while their number is high which has a net effect of increasing the surface area density.
The surface area density contours for injector 2 obtained at a chamber pressure of 40 kPa, 1.035 ms after injection, are shown in Figure 4 (conditions 6 and 2). For this test, the fuel temperature was kept a constant at 90 C. The average of the peak surface area densities as well as the total surface area for the six plumes at 5 MPa are approximately 70% lower than that for 2 MPa. The merging of the individual plumes is clearly evident, which results in an increase in the surface area density in contrast to the above observations for similar conditions. Also the plumes have merged more completely at the lower injection pressure.
One important parameter that can be obtained from these contour plots is the total surface area of the drops at the measurement plane. Physically, the total surface area represents the cumulative surface area of all the drops within a 1-mm height of the spray at the measurement location. The total surface area is directly proportional to the evaporation and combustion at that location. For a given flow rate, if there is a large number of small drops, the surface area will be higher than if there is a smaller number of large drops, as mentioned previously as well. The variation of total surface area of the drops at 25 mm and 35 mm below the injector exit is shown in Figure 5 .
At an injection pressure of 15 MPa, drops constituting 20% of the total surface area arrive at 25 mm at 4.86 ms and at 35 mm at 6.10 ms. Based on these values, the average velocity 30 mm from the injector exit is estimated to be approximately 8.1 m/s. This is done by estimating the time taken by a drop to traverse a distance of 10 mm (difference of 35 and 25 mm). The relevance of these velocity measurements are underscored in the study by Befrui et al. 27 The total surface area increases from approximately 0.5 (time of arrival of the drops at the measurement location) to 2.0 ms. This is consistent with an injection pulse width of 1.5 ms. Although we expect the surface area at a given test condition to remain a constant for this pulse duration, a slight variance is seen in this behavior in conditions 6 and 2 owing to the merger of the plumes, which leads to drastic reduction in the area. Based on the 20% peak value at 25 mm and 35 mm, the velocities at 30 mm is approximately 6.0 m/s for condition 5 and 6.9 m/s for condition 4 (10 MPa injection pressure). This is to be expected since velocities will increase with lower chamber pressure. Similarly, at 5 MPa injection pressures, the velocities obtained are approximately 3.7 and 4.8 m/s for conditions 2 and 3, respectively. Finally, at 2.0 MPa injection pressure, the velocity at 30 mm is approximately 2.1 m/s. These numbers can be used to validate numerical models of drop evaporation within a high-pressure chamber.
The contour plot can also be used to specify several parameters that characterize a spray. For example, we can obtain the overall spray angle. In the AP400 patternator, the spray angle is calculated as
where X is the distance of the measurement plane from the exit of the orifice, and R is the radius which encloses a user-defined percentage of the total surface area. For different applications, different percentages are chosen based on the user's preferences. The variation of spray angle with the percentage of enclosed drop surface area for the spray studied here is shown in Figure 6 (uncertainty in measurement 4%-5%). This was done for condition 2.
In multi-orifice injectors, obtaining the individual plume angles is more important than obtaining the overall spray angle. There is one problem with locating individual plume angles. For example, if we look at the spray angle at 15 MPa injection pressure, the plumes are not well separated. For obtaining individual plume angles, a threshold surface area density has to be used to first separate the plumes. In the AP400 patternator, the algorithm keeps increasing the threshold from a low value of 5% to a high value of 50% till six (user defined) separate plumes are obtained. After separation has been achieved, the plume angles are calculated. Some sample spray characteristics obtained at an injection pressure of 10 MPa and 15 MPa corresponding to conditions 1 and 5 are shown in Tables 2 and 3 , respectively (uncertainty in measurements 1.8%-6.3% for Table 1 and 3.8%-4.9% for Table 2 ). There is a significant variation in the amount of total surface area (product of the number of drops per unit volume and the surface area of the drops) among the plumes. Two of the plumes have approximately 20% of the total surface area. The centroid location of the plumes and the percentage within each plume do not vary much with the injection pressure. At higher pressures, the threshold has to be increased more to get full separation among the plumes. The plume angles are approximately the same for four of the orifices and slightly lower for the other two. The same spray characteristics with the fuel at 60 C and injection pressures of 5 MPa and 10 MPa are shown in Tables 4 and 5 (uncertainty in measurements 2.8%-3.1% for Table 3 and 2.9%-3.4% for Table 4) .
As observed before, there is more merging among the plumes at a higher pressure. The plume angles are slightly larger (primarily due to the decrease in the ambient pressure). There plume centroid locations remain approximately the same as expected. For the last two conditions, separation of the surface area densities into six separate plumes is not possible since the plumes have too much overlap.
A comparison of the centroid locations obtained with a mechanical patternator and the AP400 patternator is shown in Figure 7 .
The centroid locations obtained from the two methods (the patternator measurements obtained at 25 mm and 35 mm were extrapolated to 50 mm) are reasonably close to each other. The average of the absolute differences between the two methods is approximately 2 mm. In most cases, the mechanical patternator measurements are outside the optical patternator measurements. This could be due to the difficulty of measuring the centroid of an angular spray using a mechanical patternator. 
Results for five-plume injectors
Against the backdrop of our preceding discussion, we describe the behavior of the spray at these conditions when we have five plumes instead of six.
The surface area density contours for injector 78 obtained at a chamber pressure of 101 kPa, 0.849 ms after injection, are shown in Figure 8 .
The five individual plumes are visible in the pattern. The color bar shown along with plot represents the local value of the total surface area density in units of per millimeter. Like before, blue color represents very low values for the local total surface area density and red represents high values.
The surface area density contours for injector 78 obtained at a chamber pressure of 60 kPa, and 0.849 ms respectively after injection for conditions 3 and 4, are shown in Figure 9 .
The variation total surface area of the drops at 25 mm and 35 mm below the injector exit is shown in Figure 10 .
At an injection pressure of 15 MPa, drops constituting 20% of the total surface area arrive at 25 mm at 0.53 ms and at 35 mm at 0.75 ms. Based on these values, the average velocity 30 mm from the injector exit is estimated to be approximately 45.5 m/s. The surface area increases from approximately 0.5 ms (time of arrival of the drops at the measurement location) to 2.0 ms. This again is consistent with an injection pulse width of 1.5 ms.
Like for injector 2, even here at an injection pressure of 10 MPa, there is a transient peak observed in the drop surface area. Based on the 20% peak value at 25 mm and 35 mm, the velocities at 30 mm are approximately 31.3 m/s for condition 5 and 47.6 m/s for condition 4 (10 MPa injection pressure). Again, this is to be expected since velocities will increase with lower chamber pressure. Similarly, at 5 MPa injection pressures, the velocities obtained are approximately 31.4 m/s and 47.1 m/s for conditions 2 and 3, respectively. Finally, Figure 9 . Spray pattern at 0.8498 ms after injection for injector 78 (conditions 3 and 4). at 2.0 MPa injection pressure, the velocity at 30 mm is approximately 18.8 m/s. These numbers can be used to validate numerical models of drop evaporation within a high-pressure chamber.
The contour plot can also be used to specify several parameters that characterize a spray. For example, we can obtain the overall spray angle. For multi-orifice injectors, obtaining the individual plume angles is more important than obtaining the overall spray angle. There is one problem with locating individual plume angles. For obtaining individual plume angles, a threshold surface area density has be used to first separate out the plumes. In the AP400 patternator, the algorithm keeps increasing the threshold from a low value of 5% to a high value of 50% till five (user defined) separate plumes are obtained. After separation has been achieved, the plume angles are calculated.
Some sample spray characteristics obtained at an injection pressure of 10 MPa and 15 MPa are shown in Tables 6 and 7 , respectively (uncertainty in measurements 0.5%-5.1% for Table 6 and 1.6%-2.9% for Table 7 ). The trends are similar to that for injector 2.
There is some variation in the amount of total surface area densities. Two of the plumes have more than 20% of the total surface area. The centroid location of the plumes and the percentage within each plume do not vary much with the injection pressure. At higher pressures, the threshold has to be increased more to get full separation among the plumes. The plume angles are approximately the same for three of the plumes and slightly larger for the other two.
The centroid locations obtained from the two methods (the patternator measurements obtained at 25 mm and 35 mm were extrapolated to 50 mm) are reasonably close to each other ( Figure 11 ). The average of the absolute differences between the two methods is approximately 4 mm. In most cases, the mechanical patternator measurements are outside the optical patternator measurements. This could be due to the difficulty of measuring the centroid of an angular spray using a mechanical patternator. 
Summary and conclusions
The two GDI injector configurations with five and six holes for the various conditions tested revealed several interesting features which are listed below:
1. The contour plots for spray surface area densities revealed that the peak surface area density increased with increasing pressure possibly indicating a direct relationship with the injection pressure for the conditions tested. 2. There was clear merging of the plumes at higher injection pressures for the five-plume configuration and the plume angles were found to be larger.
This merging was observed at higher temperatures and lower injection pressures for the six-plume injectors. 3. Analyzing the transient total surface area of the drops for both the five-and six-plume injectors, we observe that at higher ambient and injection pressure at both locations, x ¼ 25 mm and x ¼ 35 mm result in higher transient peak surface area which gradually decreases as we move toward lower ambient and injection pressure. This was attributed to fine spray at the higher injection and ambient pressures leading to higher drop surface area while a merging of plumes leading to smaller drop surface area. X (mm) Figure 11 . Comparison of centroid locations obtained with mechanical and optical patternator. Uncertainty in measurements was found to be between 1.4% and 3.4%. 4. The centroid locations obtained from the mechanical and optical patternator were in good agreement for both the injectors tested in this study and did not vary much with injection pressure. They do not vary much with pressure as the sprays are symmetric at all experimental conditions.
The above results underscore the utility of optical tomography in characterizing dense sprays such as those found in GDI injectors.
